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Abstract:  Cavitation  inception  observations  on  a  family  of  axisymmetric 

models  were  made  in  the  1.21  m  water  tunnel  at  the  Applied 
Research  Laboratory.  Inception  data  were  obtained  on  Schiebe 
headforms  having  diameters  of  203.2  mm,  50.8  mm  and  25.4  mm. 

The  Schiebe  headform  has  a  Cp  .  -  -  0.75  and  does  not 

experience  a  separated  boundarynlayer .  Initially,  cavitation 
inception  data  were  obtained  with  no  added  roughness  on  the 
models.  Then  a  distributed  roughness  of  silicon  carbide  was 
glued  to  the  nose  of  the  two  smaller  models  and  additional 
cavitation  inception  data  were  obtained.  Travelling-bubble 
cavitation  was  the  type  of  cavitation  observed  near  inception. 
Results  show  that  it  is  possible  to  use  a  distributed  rough¬ 
ness  to  increase  the  cavitation  inception  index  to  the  indices 
found  at  higher  Reynolds  numbers.  However  the  size  and  location 
of  the  roughness  are  very  critical  and  the  basic  mechanisms 
which  control  this  process  need  further  investigation. 

This  paper  was  presented  at  the  19th  American  Towing  Tank 
Conference  held  in  Ann  Arbor,  Michigan  in  July  1980. 
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INTRODUCTION7 


The  practical  problem  of  major  concern  in  the  field  of  cavitation  is 
the  prediction  of  cavitation  inception  for  a  prototype  from  model  tests. 
The  classical  theory  for  scaling  vaporous  cavitation  states  that 


a.  =  -  C 

1  P, 


p  . 
min 


min 
=  constant 


a) 

(2) 


and  therefore 


a  *  a  , 
i-p  i-m 

where  a.  and  C  are  the  incipient  cavitation  number  and  minimum  pressure 
1  ^min 

coefficient,  respectively.  The  subscripts  p  and  m  denote  prototype  and 
model.  It  is  assumed  that  when  scaling  from  one  flow  state  to  another 
the  form  of  the  flow  field  and  its  boundaries  remain  geometrically  and 
kinematically  similar  and  bubble  dynamic  effects  are  neglected. 

Much  of  the  experimental  evidence  on  scaling  [see  References  1  and  2 
for  examples]  shows  that  the  incipient  cavitation  number  is  not  a  constant 
for  a  particular  type  of  cavitation.  In  addition  there  appears  to  be 
a  different  scaling  relationship  for  each  type  of  cavitation,  i.e.  tip 
vortex,  surface,  travelling-bubble,  etc.  Even  at  model  scale,  differences 
in  cavitation  inception  for  a  model  occur  between  facilities  [3]. 

There  have  been  several  recent  results  which  explain  more  clearly 
why  some  of  the  departures  occur.  The  importance  of  viscous  effects, 
namely  boundary  layer  transition  and  laminar  separation,  and  free-stream 
nuclei  have  been  pointed  out  by  the  extensive  work  of  Arakeri  and 
Acosta  [4]  and  Gates  [5].  These  factors  which  cause  departures  from  the 
classical  theory  are  called  "scale  effects." 

Because  of  these  scale  effects,  some  investigations  have  attempted 
to  create  "high  Reynolds  number  simulations"  at  model  scale  in  an  attempt 
to  eliminate  the  scale  effects  problem.  A  recent  method  used  at  NSMB  [6] 
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is  to  coat  the  leading  edges  of  model  propellers  with  sand  grain  roughness 

The  purpose  of  this  method  is  to  eliminate  laminar  separation  which  occurs 

at  model  scale  but  not  at  prototype  scale.  Some  results  do  give  cavitation 

patterns  at  model  scale  which  approximate  prototype  patterns. 

Another  method  is  to  seed  the  flow  facility  with  cavitation  nuclei 

to  eliminate  the  scale  effects  problem.  There  are  several  investigators 

such  as  Albrecht  and  Bjorheden  [7]  and  Kodntna  et.al.  [8]  who  use  this 

approach;  however,  the  available  results  are  not  conclusive. 

The  objective  of  this  paper  is  to  present  some  of  the  results  of 

a  preliminary  investigation  into  the  influence  of  sand  grain  roughness 

on  cavitation  inception  and  "high  Reynolds  number  simulations."  Axisym- 

metric  models  with  a  Scbiebe  headform  (C  =  -  0.75)  having  diameters 

p  . 
mm 

of  203.2  mm,  50.8  mm,  and  25.4  mm  were  tested  with  and  without  added  rough¬ 
ness.  The  contour  of  this  headform  is  generated  by  a  combination  of  a 
disk  shaped  source  distribution  normal  to  a  uniform  flow  [9].  Van  der 
Men 1 on  [10]  has  investigated  the  flow  around  this  headform  and  lias  verified 
that  the  body  does  not  experience  laminar  separation. 

EXPERT>fn;TAL  PROGRAM 

The  experiments  were  conducted  in  the  1.21  m  water  tunnel  of  the 
Applied  Research  Laboratory  located  at  The  Pennsylvania  State  University. 
Both  incipient  and  desinent  cavitation  data  were  obtained  for  the  three 
Scbiebe  nosed  models  having  diameters  of  203.4  mm,  50.8  mm  and  25.4  mm. 
These  data  were  obtained  by  the  following  method :  1.  the  tunnel  pressure 

was  lowered  until  cavitation  inception  occurred,  2.  the  pressure  was 
again  lowered  until  developed  cavitation  appeared,  3.  the  pressure  was 
increased  until  developed  cavitation  disappeared,  and  finally,  4.  the 
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pressure  was  again  increased  until  all  cavitation  disappeared.  Thus, 
for  most  of  the  tests,  this  procedure  yielded  cavitation  inception  for 
travelling-bubble  cavitation,  cavitation  inception  for  attached  cavitation, 
cavitation  desinence  for  attached  cavitation  and  cavitation  desinence 
for  travelling-bubble  cavitation.  In  addition  to  the  cavitation  data 
many  photographs  of  the  cavitation  were  also  obtained. 

Initially,  cavitation  data  were  obtained  with  no  added  roughness  on 
the  models.  Then,  a  distributed  roughness  of  silicon  carbide  in  a  size 
range  of  15  to  66  microns  was  glued  to  the  nose  of  the  models.  The 
roughness  was  applied  to  the  nose  in  circular  areas  of  different  radii 
around  the  stagnation  point.  A  photograph  of  the  roughness  on  the  50.8  mm 
diameter  model  is  shown  in  Figure  1. 


EXPERIMENTAL  RESULTS 

Cavi  tntio  n  Character  is  tic.  W1  tho  ut  Added  Rou  ghees  s 

Cavitation  inception  data  for  the  three  models  are  shown  in  Figure  2 
as  a  function  of  Reynolds  number.  In  this  figure  the  data  points  are  an 
average  of  four  tests  and  the  bars  indicate  the  amount  of  scatter  in  the 
data . 


Cavitation  inception  always  occurred  near  the  body  surface  and  slightly 

downstream  of  the  C  point.  Travelling-bubble  events  occurred  very 
^min 

randomly.  Inception  of  the  attached  cavity  was  marked  by  the  sudden 
appearance  of  a  steady  developed  cavity. 

Both  inception  and  des incut  data  are  shown  in  Figure  3  for  the 


203.2  mm  and  50.8  mm  models.  A  brief  analysis  of  inception  data  show’s 
that  in  most  cases  average  desinent  data  are  higher  than  the  corresponding 
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inception  data.  However  this  difference  is  within  the  data  scatter  for 
most  cases.  Thus,  there  was  not  a  significant  hysteresis  effect  in  these 
experiments . 

Referring  to  Figure  2  it  is  seen  that  there  is  a  significant  scale 
effect  for  the  bodies  both  for  travelling-bubble  cavitation  and  for  attached 
cavitation.  On  the  average,  c ^  for  travelling-bubble  cavitation  decreased 
slightly  with  increasing  velocity  for  all  bodies  and  increased  with  model 
diameter.  The  incipient  cavitation  number  for  attached  cavitation  increased 
with  increasing  velocity  for  all  models.  For  an  increase  in  diameter 
from  2  5.4  mm  to  50.8  mm,  cr^  for  the  attached  cavitation  was  essentially 
constant  for  a  given  velocity.  However,  increased  significantly  when 
the  diameter  was  increased  from  50.8  mm  to  203.2  mm.  However,  as  reported 
in  Billet  and  lloll  [2]  for  travelling-bubble  cavitation  on  NACA  0010  hydro¬ 
foils,  the  velocity  scale  effect  was  the  same  as  that  observed  for  travelling- 
bubble  cavitation  on  the  Schiohe  headforns  whereas  there  was  no  size  effect. 

As  discussed  in  the  introduction,  free  stream  nuclei  can  he  important 
in  cavitation  scaling.  A  crude  method  of  reducing  the  number  of  free 
stream  nuclei  is  to  de-gas  the  water.  This  was  done  for  one  set  of  tests 
with  the  203.2  mm  model.  Inception  data  are  shown  in  Figure  4  for  an  air 
content  of  7.1  ppm  and  3.2  ppm*.  Reducing  the  gas  content  from  7.1  ppm  to 
3.2  ppm  caused  a  reduction  in  o  over  the  entire  velocity  range  for  both 
travell Lng-bubb3 e  cavitation  and  attached  cavitation.  However,  the  amount 
of  reduction  in  for  the  travelling-bubble  cavitation  was  considerably 
greater  than  that  for  the  attached  cavities. 


*Air  contents  are  expressed  in  moles  of  air  per  million  moles  of  water  (ppm). 
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Cavita t  ion  Data -With  Added  Roughness  on  the  25.4  mm  and  50, 8__r  in  Models 

Incipient  and  desinent  cavitation  data  were  obtained  with  a  distributed 
roughness  added  to  the  nose  of  the  models,  toughness  was  added  to  the 
25.4  mm  and  50.8  mm  diameter  models  upstream  of  the  C  position.  Tv;o 

p  . 

min 

sizes  of  roughness  were  used  having  mean  diameters  of  30  pm  and  66  pm. 

In  all  cases,  silicon  carbide  grit  was  glued  to  the  nose  to  form  a  disk 

area  of  radius  R  of  distributed  roughness. 

Many  tests  were  conducted  in  which  the  normalized  radius  (R/U  )  of 

m 

distributed  roughness  was  varied  from  0.5  to  0.7  where  R  denotes  model 

m 

radius.  In  some  cases  the  cavitation  was  observed  to  be  attached  to 
the  roughness  which  caused  a  large  change  in  cavitation  index  and  in 
other  cases  no  change  in  cavitation  index  \>Tas  observed. 

There  are  many  conclusions  that  can  be  made  from  the  tests  with  added 
roughness.  Some  of  these  are  very  noteworthy  and  these  data  will  be 
presented  and  discussed. 

First  of  all  an  additional  type  of  cavitation  called  fixed-patch 

cavitation  was  observed.  This  is  simply  a  patch  of  cavitation  attached 

to  the  surface  near  the  C  point  on  the  bodv.  In  most  of  the  cases 

p  . 

1  run 

this  patch  is  downstream  of  the  C  point  and  does'  not  appear  to  be 

^min 

attached  to  roughness  elements.  Holt  and  Carroll  [11]  have  previously 
discussed  fixed-patch  cavitation  which  was  observed  on  axi symmetric  head forms. 

The  60  pm  grit  at  R/R  =0.5  had  no  influence  on  bubble  or  attached 
cavitation  for  either  body  when  compared  to  the  cavitation  data  without 
added  roughness.  Using  30  pn  grit  at  R/R  =  0.7  gave  the  most  interesting 
results.  These  data  are  shown  in  Figure  5. 
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On  the  average,  the  incipient  cavitation  number  for  travel  1 i ng-hubbl e 

cavitation  for  the  25.4  mm  and  50.8  nm  noses  with  added  roughness  was 

higher  titan  similar  data  for  both  bodies  without  added  roughness.  Also, 

the  fixed  patch  cavitation  for  both  bodies  occurred  at  higher  values  of 

C.  thna  did  the  attached  cavitation  for  the  bodies  without  added  roughness, 
x  r 

DISCUSSION 

The  previous  comments  have  been  written  with  respect  to  the  docu¬ 
mentation  of  the  experimental  results.  Let  us  discuss  these  results  with 
omphn s i a  on  sc  a 1 i ng . 

Describing  a  possible  scaling  relationship  with  model  .size  for  the 

data  shown  in  Figure  2  is  difficult.  Attached  cavity  cavitation  varied 

si  gni  f  i  can  t  ly  x>;i  th  model  s  i e  bu  t  no  cor  rein  t  i  on  is  obv  ions .  However , 

a.  for  travelling-bubble  cavitation  was  always  greater  than  that  for 
x  J 

attached  cavities  and  on  the.  average  .increased  with  increasing  size. 

Considerable  effort  has  been  made  in  the  past  to  Formulate  a  dimension¬ 
less  parameter  or  parameters  which  would  scale  travelling-bubble  cavitation. 
Schicbe  [12]  has  developed  a  reasonable  approach  for  scaling  using  a  para¬ 
meter  which  involves  the  number  of  cavitation  events  per  unit  tore  normalized 
by  the  free  stream  velocity,  the  model  diameter  squared  and  the  number 
of  nuclei  per  unit  volume.  As  discussed  by  Cates  and  illet  [13],  this 
approach  does  give  a  decrease  in  inception  index  for  dec  sing  model 
size  for  Cchicbe  bodies.  This  decrease  is  essentially  caused  by  a  reduction 
in  capture  area  as  the  model,  size  decreases. 

Nov;,  let  us  address  the  question:  Uhat  can  roughness  do  to  this 
process  to  make  the  scaling,  independent  of  model  size?  Another  question 
which  parallels  the  above  is:  Can  roughness  make  cavitation  inception 
Independent  of  model  size? 
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A  comparison  between  cavitation  inception  data  for  the  203.2  mm 
model  and  the  roughened  50.8  mm  model  is  shown  in  Figure  6.  It  is  seen 
that  the  average  of  the  travel ling-bubbl  e  inception  delta  is  similar 
between  the  203.2  nn  model  and  the  50.8  mm  model  with  added  roughness. 

In  this  case  the  roughness  was  not  observed  to  cavitate  directly.  Thus 
the  roughness  formulation  developed  by  Holl  [14]  and  summarized  in  Arndt 
et.nl.  [15]  cannot  be  directly  applied. 

A  possible  mechanism  is  found  by  referring  to  the  previous  discussion 
of  scaling  travelling-bubble  cavitation.  The  roughness  could  generate 
micro-hubbies  which  would  change  the  nuclei  distribution  for  the  model 
and  thus  offset  the  problem  of  reduced  capture  area  at  model  scale.  If 
this  is  possible,  the  location  and  size  of  the  roughness  is  very  critical. 

In  addition,  the  micro-bubble  generation  for  the  roughness  would  be  very 
sensitive  to  boundary  layer  conditions  and  hence  would  not  be  very  useful 
over  a  large  velocity  range  for  the  model.  In  addition,  different  rough¬ 
nesses  would  be  required  for  different  scales. 

SUMMARY  AND  CONCLUSIONS 

The  main  objective  of  this  paper  is  to  present  some  experimental 
results  of  a  preliminary  investigation  of  the  influence  of  sand  grain 
roughness  on  cavitation  scaling.  To  do  this,  a  nonseparn t i ng  test  model 
was  chosen  which  exhibits  mostly  travelling-bubble  cavitation  at  inception. 
Threes  models  having  diameters  of  25.4  run,  50.8  mm,  and  203.2  mm  wore  tested. 
Roughness  was  added  to  the  50.8  mm  "model"  in  an  effort  to  obtain  cavitation 
Inception  numbers  typical  of  the  203.2  mm  "prototype"  without  added  roughness. 
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The  results  show  that  It  is  possible  to  use  a  distributed  roughness 
to  increase  the  cavitation  inception  index  on  the  "model"  to  the  level 
experienced  by  the  "prototype"  at  higher  Reynolds  numbers.  However,  there 
are  basic  problems  associated  with  this  method: 

(1)  We  cannot  necessarily  duplicate  the  sane  type  of  cavitation  from 
model  to  prototype.  In  these  experiments,  the  travelling-bubble 
cavitation  was  essentially  the  same  but  the  attached  cavitation  was 
in  the  form  of  a  patch  on  the  node!  and  was  a  developed  cavity  on 
the  prototype. 

(2)  There  does  not  appear  to  be  a  rational  way  to  select  the  "proper" 
roughness  since  the  cavitation  occurs  downstream  from  the  roughness 
which  suggests  that  the  techniques  of  Arndt,  lloll,  Bohn,  and  Bechtel 
[15]  arc  not  applicable. 

(3)  We  can  match  of  the  model  and  prototype  by  employing  a  trial  and 
error  process  of  adding  roughness  but  to  do  this  v:o  must  know  0^ 

of  the  prototype. 

The  mechanism  by  which  the  roughness  indirectly  increases  the  cavi¬ 
tation  index  for  inception  is  not  fully  understood;  however,  it  is  suspected 
that  tii e  roughness  produces  micro-bubbles.  The  mechanics  by  which  fixed 
patch  cavitation  is  produced  downstream  of  the  roughness  is  also  not  under¬ 
stood;  however,  the  roughness  must  change  the  structure  of  the  boundary 
layer.  This  is  only  a  preliminary  investigation  into  the  use  of  roughness. 
There  are  many  questions  which  must  he  answered  before  roughness  induced 
cavitation  is  understood. 
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Kigure  2 .  Cav  i  tat  ion  Inception  for  Three  Models 
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Figure  3.  Comparison  of  Inception  and  Desinence  for  the 
203.2  nan  and  50.8  mm  Models 


INCIPIENT  CAVITATION  NUMBER, 


21  August  1980 
MLB: JWH:cag 


© 


REYNOLDS  NUMBER,  (—-) 


Figure  4.  The  Influence  of  Air  Content  on  Inception  for  the 
203.2  Model 
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Figure  5.  Cavitation  Inception  Data  for  the  25.4  ram  and  5018  mm  Models 
with  and  without  Added  Roughness 
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Figure  6.  Comparison  of  Cavitation  Inception  Data  for  the  203.2  mm  Model 
with  the  50,8  mm  Model  with  Added  Roughness 
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